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SUSY11 August 30, 2011R. Yohay Figure 3: The E/T significance, showing the separation power for mismeasured QCD and electroweak sources of
E/T (left), and the limits in the mχ0

1
and χ0

1 lifetime plane (right).

all selection, the dominant background originates from electroweak production of a Z0
with two

photons, where the Z0
decays to neutrinos and results in significant E/T . The total predicted

background in this search is 1.4± 0.4 events, and zero are observed. Limits are set at 95% C.L.

in the mχ0
1
and χ0

1 lifetime plane, shown in Figure 3. For a short-lived neutralino with lifetime

less than a nanosecond, the limit is 150 GeV/c2.

5 Search for Hidden Valley Dark Photons

Recently, a subset of HV models with SUSY have emerged which may simultaneously explain

anomalies of the observed spectra of high-energy cosmic ray positrons and electrons, and provide

a solution to the origin of Dark Matter. They propose a scenario where dark matter can

annihilate to pairs of so-called dark photons, which then would potentially themselves decay to

pairs of e+e− or µ+µ−
through their mixing with the SM photon. At the Tevatron, gaugino

production could lead to cascade decays of charginos and neutralinos which could include decays

to both SM photons and these dark photons, whose favored mass range is on the order of 1 GeV.

The signature, then, will be a SM photon, two opposite charge leptons spatially close to each

other in the detector, and E/T from the escaping LSP. DØ has searched for this signature with

4.1fb
−1

of Run II data
4
.

Events are selected by requiring a single photon and two leptons. The proximity of the

leptons to each other requires a careful treatment of the isolation requirement placed on the

leptons. The main background is QCD with photon conversions producing pairs of leptons.

After selection, the dilepton invariant mass is used as a signal discriminant, where the signal

would appear as an excess at the dark photon mass. No significant excess is observed, and

exclusion limits are set on the lightest chargino mass as a function of the dark photon mass,

shown in Figure 4.

6 Search for Hidden Valley Long-lived Particles

Another class of HV models predicts a new, confining gauge group, weakly coupled to the SM.

Stable configurations of HV hadrons, “v-hadrons” in this model, can be long-lived. In one

benchmark model, the SM Higgs boson mixes with the HV Higgs boson. In this scenario, the

SM Higgs could decay, through the mixing with the HV Higgs, to pairs of v-hadrons. The

v-hadrons then preferentially couple to the heavier SM quarks due to a helicity suppression

[4]

Gauge-mediated SUSY searches with photons
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LEP (1989-2000)
•Minimal GMSB model (SPS8) [2]
•Neutralino pair production
•mneutralino > 97 GeV for short-lived 
neutralino

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

50 60 70 80 90 100

m(e
~
) = 2.0m(!

~o
1)

m(e
~
) = 1.1m(!

~o
1)

!
~o

1 mass (GeV/c2)

"
LI

M
IT

 a
t #

s =
 2

08
 G

eV
 (p

b)

Expected
ObservedObserved

ALEPH DELPHI L3 OPAL
130$#s$209 GeV

preliminary

50

60

70

80

90

100

110

120

100 200 300 400 500
m(e

~
 
 
) (GeV/c2)

m
(!~ o 1)

 (G
eV

/c
2 )

Excluded at 95% C.L.

e+e- %  !
~o

1!
~o

1 % G
~

G
~
&&

130$#s$209 GeV

ALEPH DELPHI L3 OPAL

Fig. 1. Left: cross section lower limit versus neutralino mass from the combined two-photon
searches. The production cross sections are calculated in two scenarios. Right: excluded area in
the selectron-neutralino mass plane assuming a purely bino neutralino. The dashed overlayed
area is the region consitent with the GMSB interpretation of the eeγγ+ !ET CDF event [9], now
completely excluded.

results from the ALEPH, DELPHI and OPAL collaborations exists with data from 192
to 208GeV and yields no excess with respect to the SM expectation [4]. The individual
results can be found in Refs. [5,6,7,8]. Figure 1 shows the interpretation of these results
assuming a purely bino neutralino and mass degeneracy between ẽL and ẽR. Neutralino
pair-production cross sections above 0.02 pb are excluded at 95% C.L. Since the cross
section depends on the mass of the exchanged selectron, the lower limit on the neutralino
mass can be conservatively estimated to be 97 GeV/c2 if mẽ = 2 ·mχ̃0

1
, improving for larger

χ̃0
1 − ẽ mass differences.

If the gravitino mass lies in the range between a few eV/c2 and a few hundred eV/c2, the
neutralino NLSP will decay somewhere inside the detector. The probability for only one of
the pair-produced neutralinos to decay before the electromagnetic calorimeter is greater
than for both of them [2], thus the expected final topology consists in a single non-pointing
photon. ALEPH [5] and DELPHI [6] have searched for single photons with a minimum
impact parameter of 40 cm and have found 2/1.0 and 5/3.0 candidates/background, re-
spectively in their

√
s = 189 − 209 and

√
s = 202 − 209 data sets. The efficiency for

this search reaches a maximum of around 10% for decay lengths of 8 m. This yields an
approximate upper limit of 0.4 pb in the production cross section.

3 Two leptons and !E signatures

We discuss next the pair-production of sleptons in the slepton NLSP scenario. In general
the τ̃1 will be the lighter slepton, but a degenerate case is possible in which the three τ̃1,
ẽR and µ̃R act as co-NLSP’s. Thus searches for pairs of sleptons decaying into their SM
counterpart and a gravitino were developed by all four collaborations taking into account
the possible lifetime of the slepton.
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For the UED model, corresponding masses are shown for the KK quark, q∗D, and KK gluon, g∗. The γ∗ mass is approximately equal to R−1
c .
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[22] T. Sjöstrand et al., Comput. Phys. Commun. 135, 238 (2001).

[23] R. Brun and F. Carminati, CERN Program Library Long

Writeup W5013, 1993 (unpublished).

[24] U. Baur et al. Phys. Rev. D 48, 5140 (1993).

[25] J. Cortes et al. Nucl. Phys. B 278, 26 (1986).

[26] J. Alwall et al., J. High Energy Phys. 09, 028 (2007).

[27] B.C. Allanach et al., Eur. Phys. J. C 25, 113 (2002).

[28] A. Djouadi et al., Acta Phys. Polon. B 38, 635 (2007).

[29] M. ElKacimi et al., Comput. Phys. Commun. 181, 122 (2010).

[30] J. Pumplin et al., J. High Energy Phys. 07, 012 (2002); D.

Stump et al., J. High Energy Phys. 10, 046 (2003).

[31] T. Junk, Nucl. Instrum. Methods A 434, 435 (1999); W. Fisher,

FERMILAB-TM-2386-E (2006).

Tevatron Run II (2001-2010)
•Minimal GMSB model (SPS8) [2]
•Chargino and neutralino pair 
production
•mneutralino > ~170 GeV (Λ > 124 TeV) 
for short-lived neutralino

[3]

LHC7 (2009-2011)
•General model parametrized in terms of tan β and 
squark, gluino, and wino/bino/higgsino masses
•No assumptions on the number of messengers, 
the messenger mass, or the SUSY breaking scale
•Squark and gluino production
•Short-lived neutralino
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GGM final states
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Search #1: 2 photons + ≥1 jet + MET (bino NLSP)

Search #2: photon + lepton + MET (wino NLSP with 
leptonic W decays)

Search #3: photon + ≥3 jets + MET (bino NLSP, wino 
NLSP)

1.14 fb-1

3 complementary searches

5

36 pb-1

1.14 fb-1
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Physics object selection in CMS

6

•Isolated photons
•Inconsistent with ECAL noise
•No matching hit pattern in the 
silicon pixel detector

•Jets and MET

•Anti-kT algorithm with R = 0.5
•Inconsistent with ECAL and 
HCAL noise

•Isolated leptons
•Electrons

•Inconsistent with 
ECAL noise

•Inconsistent with 
photon conversion

•Muons

[5]

interaction pointbeam line

EB edge
|η| = 1.479

HE edge
|η| = 2.6

HF edge
|η| = 5.0

ME edge
|η| = 2.1
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Event selection
• Using the CMS reconstructed physics objects, build 3 different 

event selections corresponding to the 3 GGM topologies

7

Topology No. isolated 
photons

No. isolated 
leptons (e or μ) No. jets

Double 
photon

≥2 with:
•Leading ET > 45 GeV
•Trailing ET > 30 GeV
•|η| < 1.4442

No requirement
≥1 with:
•ET > 30 GeV
•|η| < 2.6

Photon + 
lepton

≥1 with:
•ET > 30 GeV
•|η| < 1.4442

≥1 with:
•ET > 20 GeV
•|η| < 2.1

No requirement

Single 
photon

≥1 with:
•ET > 75 GeV
•|η| < 1.4442

No requirement
≥3 with:
•ET > 30 GeV
•|η| < 2.6
+ HT* > 400 GeV

*HT is the scalar sum of jet pT in the event
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Backgrounds: QCD
•Double photon

•Dominant: QCD with fake MET

•Multijet: at least 2 jets misidentified as photons
•γ + jet: 1 jet misidentified as a photon
•QCD diphoton

•Photon + lepton
•Subdominant: QCD with fake MET

•Single photon
•Dominant: QCD with fake MET

•γ+jet
•QCD multijet with at least 1 jet misidentified as a photon

8
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• EM << hadronic energy 
resolution ⇒ fake MET due 
entirely to jet mismeasurement

• Measure QCD background 
from data—control sample 
with well-measured EM objects 
to model the QCD fake MET 
spectrum

• Reweight MET spectrum of 
control sample by pTEM

(candidate)/pTEM(control)

• Normalize the predicted QCD 
fake MET spectrum to a signal-
depleted low-MET region

Double photon cartoon

Estimating the QCD background (1)

9

Jets (poorly measured 
kinematics, source of fake MET)

EM objects (well measured 
kinematics, no fake MET)

di-EM pT (well-measured handle on the 
kinematics of the jet system)

Most energetic EM object
2nd most energetic EM object

y

x

z (beam 
direction)

Di-electron Z→e+e- decays
“e” = γ + pixel match

Di-fake Very electromagnetic di-jets (pixel match 
veto)

Single fake 1 very electromagnetic jet (pixel match 
veto)

Fake lepton + fake photon Di-jets (well-isolated jet [“lepton”] + very 
electromagnetic jet [“photon”])

What is a well-measured EM object?
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Estimating the QCD background (2)

• Double photon:

• Di-electron and di-fake control samples

• Reweight by di-EM pT

• Normalize in MET < 20 GeV region

• Single photon:

• Single fake control sample

• Reweight by ratio (candidate photon pT/fake pT)

• Normalize in MET < 100 GeV region

• Photon + lepton:

• Di-electron and fake lepton + fake photon 
control samples

• Reweight by di-EM pT and pTl

• Normalize in MET < 30 GeV region

10
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Backgrounds: electroweak
•Double photon

•Subdominant: electroweak processes with real MET

•W(→eν)γ: electron misidentified as a photon
•W(→eν)+jet: electron and jet misidentified as photons

•Photon + lepton
•Subdominant: jets faking photons in events with real MET

•W(→eν)+jet, W(→μν)+jet
•Subdominant: electrons faking photons

•Z→ee
•ttbar with at least 1 W decaying to an electron

•Single photon
•Subdominant: electroweak processes with real MET

•W→eν, Z→ee, or ttbar semileptonic with 1 electron misidentified as a 
photon

11
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Estimating the electroweak background
• Estimate the electron→photon mis-ID rate fe→γ by fitting the di-EM invariant mass 

spectra in the di-electron and eγ samples 

• Scale the MET distribution of an appropriate electron control sample by fe→γ

• Double photon search: eγ sample (2 objects passing the candidate photon ID criteria; 
1 with pixel match [e], 1 with pixel match veto [γ])

• Single photon search: single e sample (e as above) weighted by γ/e pT ratio as on 
slide 12

• Photon + lepton search: lepton + e (e as above) sample

• Estimate the jet→photon mis-ID background by scaling a lepton + “fake photon” 
control sample by jet→photon mis-ID rate (photon + lepton search only)

12

fe→γ = 0.014 ± 0.002

Di-electron sample eγ sample

Stat. ⊕ fit ⊕ syst.(pT dependence)
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Backgrounds: MC
•Double photon

•Negligible: irreducible backgrounds
•Wγγ (total cross section ~7 fb at 14 TeV LHC) [6]
•Zγγ

•Photon + lepton
•Dominant: W(→eν)γ, W(→μν)γ

•MadGraph tune D6T, BAUR NLO, K-factors range ~2-3
•Negligible: ttbar+γ

•Single photon
•Subdominant: initial state radiation (ISR) or final state radiation (FSR) 
of photons in events with no electron (e.g. ttbar/W/Z→hadrons)
•Pythia MC with 100% uncertainty (contribution very small)

13
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Candidate MET spectra (1)
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Candidate MET spectra (2)
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m�g = 720 GeV, m�q = 720 GeV, m�χ0
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= 150 GeV
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Upper limit calculation

16

• “Simplified model” GGM signal MC [7]

• Next to leading order production cross-sections calculated with PROSPINO 2.1

• Pythia 6.422 for hadronization and decay

• Full CMS detector simulation based on GEANT

• PDF uncertainties calculated using PDF4LHC recommendations [8]

• 3 different NLSP scenarios

1. Bino NLSP: M1 = 375 GeV, M2 = 3.5 TeV, tan β = 2, squark and gluino masses in 
[400 GeV, 2000 GeV], sleptons and all gauginos except the lightest neutralino 
have mass 3.5 TeV, heavy right-handed squarks (GGM sum rules)

2. Wino NLSP (1): M1 = 3.5 TeV, M2 = 375 GeV, tan β = 2, squark and gluino 
masses in [400 GeV, 2000 GeV], sleptons and all gauginos except the lightest 
neutralino and chargino have mass 3.5 TeV, heavy right-handed squarks (GGM 
sum rules)

3. Wino NLSP (2): msquark ~ mgluino, tan β = 2, NLSP mass > 100 GeV

• CLS upper limit calculation for scenarios 1 and 2 [9], Bayesian upper limit calculation with 
flat prior [10] for scenario 3

γγ + MET, 
γ + MET

γ + MET

γ + l + MET
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Exclusion contours for bino NLSP
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Bino NLSP exclusion in the mgluino-mneutralino plane
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Brand new for 
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Exclusion contours for wino NLSP
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• Searches in double photon, single 
photon, and photon + lepton final 
states are powerful tools for 
observing SUSY

• Clean trigger objects

• Manageable backgrounds that 
can mostly be estimated from 
data

• CMS actively searching for gauge-
mediated SUSY in a variety of 
ways

• In the classic bino NLSP 
scenario, msquark = mgluino ~ 
950 GeV excluded

• In the wino NLSP scenario, 
mgluino ~ 650 GeV excluded 
~independently of msquark and 
mwino

CMS simulation
msquark = 1.25 TeV, mgluino = 1.2 TeV, mneutralino = 
225 GeV

γ
γ

j

MET
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General gauge mediation at the LHC
• General gauge mediation (GGM)

• P. Meade, N. Seiberg, and D. Shih, Prog. Theor. 
Phys. Suppl. 177 (2009) 143 (arXiv:0801.3278v3 
[hep-ph])

• Definition of gauge mediation: the MSSM and the 
SUSY-breaking sector are linked only by nonzero 
values of the MSSM gauge coupling constants

• Different theories of gauge mediation can arise from 
the single general framework

• Prescription provided for calculating the soft masses 
of the spectrum

• SUSY-breaking sector leads to mass relations 
between the sfermions, constraining the allowed 
parameter space

• Consequences for phenomenology
1. Enhancement of gg parton luminosity at the LHC 

with respect to quark-antiquark ⇒ can quickly 
probe models with light colored particles

2. Lightest neutralino NLSP can be bino, wino, or 
higgsino, leading to distinct and exotic LHC final 
states

23
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Photons
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• Photons
• Isolated from jets

• Tracker and calorimeter isolation + electromagnetic 
calorimeter (ECAL) shower shape variables reject 
photons within jets (i.e. from π0 decay)

• Ratio of energy in the hadronic calorimeter (HCAL) 
directly behind the photon candidate to ECAL 
energy rejects jets that have begun to shower in the 
ECAL

• Inconsistent with ECAL noise
• No matching hit in the silicon pixel detector

[5]

interaction pointbeam line

EB edge
|η| = 1.479
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Jets and MET
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• Photons
• Isolated from jets

• Tracker and calorimeter isolation + electromagnetic 
calorimeter (ECAL) shower shape variables reject 
photons within jets (i.e. from π0 decay)

• Ratio of energy in the hadronic calorimeter (HCAL) 
directly behind the photon candidate to ECAL 
energy rejects jets that have begun to shower in the 
ECAL

• Inconsistent with ECAL noise
• No matching hit in the silicon pixel detector

•Jets and MET

•Particle-flow (PF) jets (anti-kT algorithm 
with R = 0.5)

•Inconsistent with HCAL noise
•Corrected for pileup, pT response, and η 

response
•PF MET built from PF tracks and 

calorimeter clusters with jet corrections 
applied

[5]

interaction pointbeam line

EB edge
|η| = 1.479

HE edge
|η| = 2.6

HF edge
|η| = 5.0
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Jets and MET

26

• Photons
• Isolated from jets

• Tracker and calorimeter isolation + electromagnetic 
calorimeter (ECAL) shower shape variables reject 
photons within jets (i.e. from π0 decay)

• Ratio of energy in the hadronic calorimeter (HCAL) 
directly behind the photon candidate to ECAL 
energy rejects jets that have begun to shower in the 
ECAL

• Inconsistent with ECAL noise
• No matching hit in the silicon pixel detector

•Jets and MET

•Particle-flow (PF) jets (anti-kT algorithm 
with R = 0.5)

•Inconsistent with HCAL noise
•Corrected for pileup, pT response, and η 

response
•PF MET built from PF tracks and 

calorimeter clusters with jet corrections 
applied

[5]

interaction pointbeam line

EB edge
|η| = 1.479

HE edge
|η| = 2.6

HF edge
|η| = 5.0

Why jets?
•Strong production of SUSY 
guarantees at least 1 hard jet 
per event
•Jet requirement helps to 
suppress dijet and γ+jet 
backgrounds
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Electrons and muons
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• Photons
• Isolated from jets

• Tracker and calorimeter isolation + electromagnetic 
calorimeter (ECAL) shower shape variables reject 
photons within jets (i.e. from π0 decay)

• Ratio of energy in the hadronic calorimeter (HCAL) 
directly behind the photon candidate to ECAL 
energy rejects jets that have begun to shower in the 
ECAL

• Inconsistent with ECAL noise
• No matching hit in the silicon pixel detector

•Jets and MET

•Particle-flow (PF) jets (anti-kT algorithm 
with R = 0.5)

•Inconsistent with HCAL noise
•Corrected for pileup, pT response, and η 

response
•PF MET built from PF tracks and 

calorimeter clusters with jet corrections 
applied

• Leptons
• Electrons

• Isolated from jets (similar to photon 
isolation)

• Inconsistent with ECAL noise
• Good quality track match to ECAL 

cluster
• Inconsistent with photon conversion
• Within barrel muon trigger acceptance

• Muons:
• Isolated from jets (similar to photon 

isolation)
• Good quality track
• Matched to trigger object
• Within barrel muon trigger acceptance

[5]

interaction pointbeam line

EB edge
|η| = 1.479

HE edge
|η| = 2.6

HF edge
|η| = 5.0

ME edge
|η| = 2.1
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Photon isolation criteria
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• ECAL isolation energy < 0.006ET + 4.2 GeV

• HCAL isolation energy < 0.0025ET + 2.2 GeV

• Tracker isolation energy < 0.001ET + 2.0 GeV

η

φ

not to scale

Tracker

0.4

0.15

included in isolation sum
excluded from isolation sum

0.4

0.06

0.087

ECAL HCAL

0.4

0.04

0.03

HCAL energy in R < 0.15 cone around photon candidate
ECAL energy of photon candidate < 0.05
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electronics noise and hence vacuum phototriodes (VPTs) have been chosen for this
region. Test results using VPTs demonstrate that they can fulfil the endcap requirements;

– considerable progress has been made in developing the readout electronics. The analog
part consists of a multi-slope preamplifier and a gain-ranging ADC. The analog
components have been produced in radiation-hard technology;

– a prototype crystal matrix (7 

 

!

 

 7 crystals) read out with APDs has been tested in a high-
energy electron beam at CERN and has achieved an excellent energy resolution of 0.5%
at 120 GeV;

– the Proto97 matrix with near-final mechanics for crystal support and preamplifier-crystal
interface, as well as a full light-to-light readout including fibre-optic communication has
been successfully tested during September and November 1997;

– a preshower detector consisting of two lead/silicon detector layers will be placed in front
of the endcap calorimeter. A test of a small prototype including the complete electronic
chain operating at 40 MHz has shown that the measured position and energy resolution
meet the design requirements;

– detailed performance studies, carried out using GEANT simulations of the ECAL
including the effects of electronics and pileup noise as well as the material in front of the
calorimeter, have shown that the design figures for resolution and efficiency can be
achieved.

In addition to this progress achieved since the submission of the Technical Proposal,
overall optimization of the calorimeter project has been vigorously pursued. This optimization has
also taken into account the desire to ensure full geometrical coverage, the requirements of the
surrounding detectors, as well as matching the cost to the available financial resources.

A schematic view of the calorimetry and tracking system is shown in Fig. 1.2.
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neous luminosity, rate-reduction factors were applied to the triggers at 20 GeV. Consequently,

photons with Eγ
T
< 26 GeV are taken from a restricted data-set having an integrated luminosity

of 2.1 ± 0.2 pb
−1

. No photon isolation criteria are applied at the trigger level.

The event selection requires at least one reconstructed primary interaction vertex consistent

with a pp collision [17]. The time of the ECAL signals is required to be compatible with that

of collision products [18]. Topological selection criteria are used to suppress direct interactions

in the ECAL APDs [19]. The residual contamination has an effect smaller than 0.2% on the

measured cross section over the entire Eγ
T

range considered. Contamination from non-collision

backgrounds is estimated to be negligible [16].

Photon candidates are built from ECAL energy clusters fully contained in the barrel section.

The photon candidate pseudorapidity is corrected for the position of the primary interaction

vertex. The absolute photon energy scale is determined with electrons from reconstructed Z-

boson decays with an uncertainty estimated to be less than 1%. Consistent results are obtained

with low-energy photons from π0
decays. The linearity of the response of detector and elec-

tronics has been measured with laser light and test beams, to a precision better than 1% in the

energy range probed in this Letter [13]. Showers initiated by charged hadrons are rejected by

requiring EHCAL
/Eγ < 0.05, where EHCAL

is the sum of energy in the HCAL towers within

R < 0.15, with R2 = (η − ηγ)2 + (φ − φγ)2
. Electrons are rejected by requiring the absence of

hits in the first two layers of the pixel detector that would be consistent with an electron track

matching the observed location and energy of the photon candidate (pixel veto requirement).

The photon candidates must satisfy three isolation requirements that reject photons produced

in hadron decays: (1) IsoTRK < 2 GeV/c, where IsoTRK is the sum of the pT of tracks compatible

with the primary event vertex in an annulus 0.04 < R < 0.40, excluding a rectangular strip

of ∆η × ∆φ = 0.015 × 0.400 to remove the photon’s own energy if it converts into an e+e−
pair; (2) IsoECAL < 4.2 GeV, where IsoECAL is the transverse energy deposited in the ECAL

in an annulus 0.06 < R < 0.40, excluding a rectangular strip of ∆η × ∆φ = 0.04 × 0.40; and

(3) IsoHCAL < 2.2 GeV, where IsoHCAL is the transverse energy deposited in the HCAL in an

annulus 0.15 < R < 0.40. The requirements were designed with two other objectives in mind.

First, the use of relatively loose photon identification and isolation selection criteria reduces the

dependence of the results on the details of the simulation of the detector noise, the underlying

event, and event pile-up. Second, the shape of the isolation regions is designed to allow the

use of electrons to determine the efficiency of the isolation requirements in data. The isolation

requirements also reduce the uncertainty on the signal due to the knowledge of the photon

fragmentation functions. In total, 4 × 10
5

photon candidates fulfill the selection criteria.

While the isolation requirements remove the bulk of the neutral-meson background, a substan-

tial contribution remains, mainly caused by fluctuations in the fragmentation of partons, where

neutral mesons carry most of the energy and are isolated. A modified second moment of the

electromagnetic energy cluster about its mean η position, σηη , is used to measure the isolated

prompt photon yield. It is calculated as

σ2

ηη =
25

∑
i=1

wi(ηi − η̄)2
/

25

∑
i=1

wi,

where wi = max(0, 4.7+ ln(Ei/E)), Ei is the energy of the ith
crystal in a group of 5× 5 centred

on the one with the highest energy, and ηi = η̂i × δη, where η̂i is the η index of the ith crystal

and δη = 0.0174; E is the total energy of the group and η̄ the average η weighted by wi in the

same group [20]. Since σηη expresses the extent in η of the cluster, it discriminates between

clusters belonging to isolated prompt photons, for which the σηη distribution is very narrow
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ECAL noise cleaning
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1. Form 3 × 3 matrix of crystals around the photon seed 
crystal

2. Find the 2 highest energy crystals within the matrix
3. If the sum of the energies of the 2 highest energy 

crystals divided by the sum of the energies of all 9 
crystals within the matrix exceeds 0.95, reject the 
photon as ECAL noise

Highest energy crystal

2nd highest energy crystal

E   + E   
  E3×3

> 0.95 ⇒ reject
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2.5 Photon identification and isolation 7
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Figure 6: N − 1 ECAL isolation distribution for data and MC, shown for barrel (right) and

endcap (left). The Monte Carlo results are normalized separately for each plot to the number

of entries in the data histogram.
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Figure 7: N − 1 HCAL isolation distribution for data and MC, shown for barrel (right) and

endcap (left). The Monte Carlo results are normalized separately for each plot to the number

of entries in the data histogram.
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Figure 6: N − 1 ECAL isolation distribution for data and MC, shown for barrel (right) and

endcap (left). The Monte Carlo results are normalized separately for each plot to the number

of entries in the data histogram.
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Figure 7: N − 1 HCAL isolation distribution for data and MC, shown for barrel (right) and

endcap (left). The Monte Carlo results are normalized separately for each plot to the number

of entries in the data histogram.

8 2 Supercluster and Photon reconstruction, corrections and observables
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Figure 8: N − 1 Track isolation distribution for data and MC, shown for barrel (right) and
endcap (left). The Monte Carlo results are normalized separately for each plot to the number
of entries in the data histogram.
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Figure 9: The σiηiη shower shape variable for barrel and endcap photon candidates. The N − 1
distributions are shown before cutting on the variables for photon identification. The Monte
Carlo results are normalized separately for each plot to the number of entries in the data his-
togram.
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Figure 8: N − 1 Track isolation distribution for data and MC, shown for barrel (right) and
endcap (left). The Monte Carlo results are normalized separately for each plot to the number
of entries in the data histogram.
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Figure 9: The σiηiη shower shape variable for barrel and endcap photon candidates. The N − 1
distributions are shown before cutting on the variables for photon identification. The Monte
Carlo results are normalized separately for each plot to the number of entries in the data his-
togram.

14 5 Summary

Figure 16: Data. Super cluster position vs. time of photon seed. Prompt and candidate events arrive

at the EB at t = 0. Halo events primarily arrive out-of-time with respect to prompt events. The black

curves show the expected arrival time for halo particles due to the path length difference to reach ECAL.

contribution to the “candidate” sample below 5.9 events at 95% CL.

5 Summary
Using the first 7 TeV LHC data delivered to CMS, we have carried out a series of studies on

photon candidates. The basic reconstruction quantities for photons have been compared to the

Monte Carlo simulation with good agreement. Using a selection which is intended to enrich

the sample in signal photons and suppress the background from QCD, we have illustrated that

the photon reconstruction and identification performance is similar to that expected from sim-

ulation. First results on the ECAL-seeded conversion finding also show good agreement with

simulation. Finally, we have shown that the number of fakes due to non-collision backgrounds

in the sample is under control.

The commissioning of the photon object at CMS is still in progress. Future results with a large

sample of high pT candidates and control samples of high-PT electrons will improve on the

results shown here and lessen the dependence on simulation.

[13] [13] [13]

[13] [13]
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Photon/lepton ID efficiency

31

• Photon and lepton ID efficiencies taken from MC and corrected by (data efficiency)/
(MC efficiency)

• Z→μμ events for muons

• Z→ee events for electrons and photons

• Photon ID cuts designed to behave similarly for electrons and photons

• Signal MC acceptance × efficiency multiplied by 1 factor of εdata/εMC per photon or 
lepton

• Pixel match veto efficiency estimated from MC: (96.4 ± 0.5)% (stat. ⊕ syst. due to 
tracker material budget variation)

Errors on photon efficiency scale factor:

Stat. ⊕
Syst.(Z signal and background shape variation) ⊕
Syst.(signal fit over/underestimation) ⊕
Syst.(pileup effects) ⊕
Syst.(MC electron/photon difference)

Particle εdata/εMC

Photon 0.945 ± 0.068
Electron 0.928 ± 0.015

Muon 0.990 ± 0.001
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HCAL noise cleaning

32

1. fHPD ≤ 0.98, where fHPD is the fraction of 
the jetʼs energy contributed by the highest 
energy hybrid photodetector

2. n90Hits > 1, where n90Hits is the 
minimum number of HCAL channels 
containing 90% of the jetʼs energy

3. EMF ≥ 0.01, where EMF is the 
electromagnetic fraction of the jetʼs energy

See [14]
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Particle flow (PF) algorithm (1)
• Main idea: reconstruct each individual stable particle traversing the detector using an optimal 

combination of tracking and calorimetric information, with the aim of achieving the best 
possible energy resolution

1. Reconstruct the fundamental detector objects via iterative procedures

‣ Tracks in the inner silicon layers

- High efficiency and low fake rate for charged hadrons in jets

- Relaxed primary vertex constraint allows photon conversions, particles originating 
from nuclear interactions in the silicon, and long-lived particles to be reconstructed

‣ Calorimeter clusters

‣ Muon tracks in the outer muon layers
2. Create a “block” of linked fundamental objects

‣ Link silicon tracks to calorimeter clusters via ΔRtrack-cluster (account for electron 
bremsstrahlung)

‣ Link clusters in one calorimeter layer to clusters in a separate layer via ΔRcluster-cluster

‣ Link silicon tracks to muon tracks via global track Χ2

33
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Particle flow (PF) algorithm (2)
3. ID the particles in the block

‣ If global (silicon + muon layers) muon pT is compatible with silicon track pT, ID as a muon 
and remove corresponding tracks from block

‣ ID electron tracks via special algorithm and removed all corresponding tracks and cluster 
from block

‣ Remove fake tracks from the block

‣ Remove excess track-cluster links via ΔRtrack-cluster minimization (but allow multiple tracks 
to be associated to one cluster)

‣ If the cluster energy is significantly larger then the energy of the linked track, ID as a PF 
photon or PF neutral hadron and remove corresponding clusters from the block

‣ If the cluster is not linked to a track, ID as a PF photon or PF neutral hadron and remove 
corresponding clusters from the block

‣ Remaining track-cluster links are PF charged hadrons

• Better performance in terms of jet energy resolution and jet energy correction uncertainties than 
typical calorimeter-only jet algorithms

• See [15] for details and performance in LHC data

34
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Electron selection

35

Cut ValueValue Notes
EB EE EB = ECAL barrel, EE = ECAL endcap

pT >20 GeV >20 GeV
|η| <1.444 1.566-2.1 1.444-1.566 is the crack between EB and EE

ECAL isolation <0.07ET <0.05ET Same cones as on slide 27
HCAL isolation <0.01ET <0.025ET Same cones as on slide 27
Track isolation <0.09ET <0.04ET Same cones as on slide 27

Missing track hits ≤0 ≤0 Conversion rejection cut—(expected - actual) number of hits on track

Δ(cot θ) <0.02 <0.02 Conversion rejection cut—θ is the polar angle between the 2 conversion 
clusters

Dist <0.02 <0.02 Conversion rejection cut—distance between the 2 conversion tracks 
when they are parallel

σηη <0.01 <0.03
Δϕin <0.06 <0.03 Between the track momentum at the primary vertex and the cluster 

position

Δηin <0.004 <0.007 Between the track momentum at the primary vertex and the cluster 
position

H/E <0.04 <0.025
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Muon selection

36

Cut Value Notes

pT >20 GeV

|η| <2.1 Geometrical acceptance of the muon high level trigger

Combined isolation <0.15 Combined isolation = (ECAL isolation + HCAL isolation + track isolation)/(muon 
pT), cone size R = 0.3, muon track pT and calorimeter energy subtracted

Reconstruction algorithm Global and tracker Tracker muon = reconstructed from tracker hits only; global muon = 
reconstructed from tracker and muon station hits

Muon chamber hits ≥1

Tracker muon match ≥2 muon chambers

Tracker hits >10

Pixel hits ≥1

χ2/ndof <10 Global muon track fit

|dxy| <2 mm Transverse impact parameter

High level trigger match Yes



R. Yohay SUSY11 August 30, 2011

Backgrounds
•Double photon

• Dominant: QCD with fake 
MET

• Multijet: at least 2 jets 
misidentified as photons

• γ + jet: 1 jet misidentified 
as a photon

• QCD diphoton
• Subdominant: electroweak 

processes with real MET

• W(→eν)γ: electron 
misidentified as a photon

• W(→eν)+jet: electron and 
jet misidentified as 
photons

• Negligible: irreducible 
backgrounds

• Wγγ (total cross section 
~7 fb at 14 TeV LHC) [6]

• Zγγ

•Photon + lepton
• Dominant: W(→eν)γ, W

(→μν)γ
• Subdominant: jets faking 

photons in events with real 
MET

• W(→eν)+jet, W(→μν)+jet
• Subdominant: electrons 

faking photons
• Z→ee
• ttbar with at least 1 W 

decaying to an electron
• Subdominant: QCD with fake 

MET

• Negligible: ttbar+γ

•Single photon
• Dominant: QCD with fake 

MET

• γ+jet
• QCD multijet with at least 

1 jet misidentified as a 
photon

• Subdominant: electroweak 
processes with real MET

• W→eν, Z→ee, or ttbar 
semileptonic with 1 
electron misidentified as 
a photon

• Initial state radiation 
(ISR) or final state 
radiation (FSR) of 
photons in events with no 
electron

37
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Fake lepton and EM object selection

38

Fake electronFake electronFake electron

Cut ValueValue

EB EE

pT >20 GeV >20 GeV

|η| <1.444 1.566-2.1

ECAL isolation <0.07ET <0.05ET

HCAL isolation <0.01ET <0.025ET

Track isolation <0.09ET <0.04ET

Missing track hits ≤0 ≤0

Δ(cot θ) <0.02 <0.02

Dist <0.02 <0.02

Δϕin <0.06 <0.03

Δηin <0.004 <0.007

Fake muonFake muon
Cut Value
pT >20 GeV
|η| <2.1

Combined isolation 0.15-0.25
Reconstruction algorithm Global and tracker

Muon chamber hits ≥1
Tracker muon match ≥2 muon chambers

Tracker hits >10
Pixel hits ≥1
χ2/ndof <10

|dxy| <2 mm
High level trigger match Yes

EM objectEM object

Cut Value

pT >30 GeV

|η| <1.4

ECAL isolation <(0.006ET + 4.2 GeV)

HCAL isolation <(0.0025ET + 2.2 GeV)

Track isolation <10 GeV

H/E <0.05

Noise-cleaned Yes

Pixel match No

Fake electron: electron with only isolation 
requirements

Fake muon: muon with relaxed isolation 
requirement

EM object: photon with relaxed track 
isolation and no shower shape requirement
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Event selection
• Using the CMS reconstructed physics objects, build 3 different 

event selections corresponding to the 3 GGM topologies

39

Topology No. isolated 
photons

No. isolated 
leptons (e or μ) No. jets Trigger

Double 
photon

≥2 with:
•Leading ET > 45 GeV
•Trailing ET > 30 GeV
•|η| < 1.4442

No requirement
≥1 with:
•ET > 30 GeV
•|η| < 2.6

Single-leg seeded double 
photon trigger:
•Leading/trailing ET > 32/26, 
36/22, or 40/28 GeV

•Loose shower shape and H/
E reqs. on both legs

Photon + 
lepton

≥1 with:
•ET > 30 GeV
•|η| < 1.4442

≥1 with:
•ET > 20 GeV
•|η| < 2.1

No requirement
Single-lepton trigger:
•ET > 15 or 17 GeV (electron)
•ET > 9, 11, or 15 GeV 
(muon)

Single 
photon

≥1 with:
•ET > 75 GeV
•|η| < 1.4442

No requirement
≥3 with:
•ET > 30 GeV
•|η| < 2.6
+ HT* > 400 GeV

Single-photon + HT trigger:
•Photon ET > 70 GeV
•HT > 350 GeV

*HT is the scalar sum of jet pT in the event
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Single fake definition

40

Cut Value
pT >70 GeV
|η| <1.4442

ECAL isolation <min(10 × (0.006ET + 4.2 GeV), 0.3ET)

HCAL isolation <min(10 × (0.0025ET + 2.2 GeV), 0.3ET)

Track isolation <min(10 × (0.001ET + 3.5 GeV), 0.3ET)

Pixel seed No

R9 <0.98

Trigger Yes

Cut Value

ECAL isolation >(0.006ET + 4.2 GeV)

andand

HCAL isolation >(0.0025ET + 2.2 GeV)

oror

Track isolation >(0.001ET + 3.5 GeV)

oror

σηη >0.011

oror

H/E >0.05

and
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fe→γ calculation

41

The number of events in the di-electron sample is given by

Nee = f2
e→eNZ→ee

where fe→e is the efficiency to correctly identify an electron via pixel match and
NZ→ee is the true number of Z→ee events. The number of events in the eγ sample
due to misidentification of 1 Z electron as a photon is given by

NZ
eγ = 2fe→e(1− fe→e)NZ→ee

Solving for fe→e,

fe→e =
1

1+ 1
2

NZ
eγ

Nee

The number of events in the eγ sample due to correctly identifying a W electron
is given by

NW
eγ = fe→eNW

where NW is the number of true W→eν events. The number of γγ events from W
electron misidentification is given by

NEW
γγ = (1− fe→e)NW

where we have neglected the contribution from Z electron misidentification since
it is small (i.e., fe→γ is small and the Z contribution involves f2

e→γ , since both
electrons have to be misidentified). Since

fe→e = 1− fe→γ

solving for NEW
γγ

NEW
γγ = fe→γ

1−fe→γ
Ne→γ

2
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Check of the background estimation

42

• Question: Can the QCD background 
prediction method described on slide 11 
correctly predict the QCD contribution to the 
eγ (W-like) sample?

• Answer: Yes

• Reweight the di-electron MET spectrum 
such that the di-electron pT spectrum 
matches the eγ di-EM pT spectrum (i.e. 
use the method described on slide 11 to 
get a prediction for the QCD component 
of the eγ sample)

• Observe an excess (esp. for MET > 30 
GeV) of eγ events over the predicted 
QCD background

• Excess is consistent with expected yield 
of Wγ and W+jet Monte Carlo (MC)
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Estimating the jet→γ backgrounds
• Jet→γ fake rate determination

• Muon-, jet-, and photon-triggered datasets to determine the fake rate

• Fake rate = (# of photons)/(# of fakeable objects)

• Fakeable object: still EM-like, but failing some important photon ID cuts

• Real photon component in tight photon sample extracted from fit to MC shower 
shape template and subtracted

• Strong dependence on pT, no dependence on |η| in EB

• MET spectrum of lepton + fakeable object data control sample weighted by ET-
dependent fake rate

43

Cut Value

pT >20 GeV

|η| <1.4

ECAL isolation <min(5 × (0.006ET + 4.2 GeV), 0.2ET)

HCAL isolation <min(5 × (0.0025ET + 2.2 GeV), 0.2ET)

Track isolation <min(5 × (0.001ET + 3.5 GeV), 0.2ET)

Cut Value

ECAL isolation >(0.006ET + 4.2 GeV)
oror

HCAL isolation >(0.0025ET + 2.2 GeV)
oror

Track isolation >(0.001ET + 3.5 GeV)
oror

σηη >0.013

and

Fakeable object definition:
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Estimating backgrounds from MC

• Wγ background in photon + lepton search

• Modeled with MadGraph MC, tune D6T

• K-factors estimated from BAUR NLO generator using CTEQ66 
NLO PDF sets

• K-factors range from ~2-3, depending on photon ET

• Leading order photon ET spectrum modified by K-factors, but 
MET and MT distributions are much more stable with respect to 
NLO effects

• Background to single photon search from ttbar/W/Z→hadrons 
+ ISR/FSR photon is small (total <1 event in MET ≥ 200 GeV vs. 
~10 events from other background sources) and taken from Pythia 
MC simulation with 100% uncertainty

44

Syst.(10% from halving/doubling 
factorization and renormalization 
scale) ⊕ 
syst.(<2% PDF uncertainty [16]) ⊕ 
syst.(4% luminosity)
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Table of backgrounds

45

5

Table 2: The number of events with E
miss
T ≥ 100 GeV from γγ, f f , and Z → ee as well as

the total number of background events with E
miss
T ≥ 100 GeV using either the f f events or the

Z → ee data. We also show the contributions to the errors from statistics, the error due to the
scaling technique and normalization.

Type Events stat. error scal. error norm. error
γγ candidates 0
f f QCD background 2.3 ± 2.2 ±2.19 ±0.13 ±0.10
ee QCD background 0.8 ± 0.8 ±0.82 ±0.02 ±0.03
EWK background 0.3 ± 0.1 ±0.06 ±0.0 ±0.03
Total background ( f f ) 2.5 ± 2.2
Total background (ee) 1.3 ± 0.8

Table 3: The number of events in the ”loose signal” region of E
miss
T ≥ 50 GeV from γγ, f f , and

Z → ee as well as the combined background.

Type Events stat. error syst. error
γγ candidates 9
Total background ( f f ) 12.7 ±5.0
Total background (ee) 11.1 ±2.1
Combined background 11.3 ±1.9 ±0.8

We estimate a total E
miss
T ≥ 100 GeV background of 1.5 ± 0.8(stat). ± 0.6(sys) events from the159

error weighted combination of the two ways of determining QCD backgrounds, plus the EWK160

background. Using this measurement and the acceptance times efficiency for the SUSY GGM161

MC and employing a CLS limit-setting method [26], we determine upper limits for GGM SUSY162

production. We test Gaussian, log-normal and gamma shapes as different models to incor-163

porate uncertainties on the total background rate, integrated luminosity, and total acceptance164

times efficiency. The observed 95% CL cross-section limits vary between 0.015 and 0.03 pb de-165

pending on SUSY masses, and are shown in Fig. 2 for squark and gluino masses between 400166

and 2000 GeV/c
2 and a neutralino mass of 375 GeV/c

2.167

The single-photon analysis is based on a trigger requiring the presence of one photon with168

ET > 70 and the scalar sum of the energies of all objects in the event (HT) to be greater than169

350 GeV. Because this trigger was not exposed to the full lluminosity of the data taking period,170

the analyzed dataset corresponds to an effective luminosity of 1.14 fb−1. The offline analysis171

requires HT ≥ 400 GeV for the HT trigger to become fully efficient, and requires exactly one172

photon with ET > 75 GeV within |η| < 1.4. In addition, we require ≥ 3 jets with pT ≥ 30 GeV/c173

and |η| ≤ 2.6.174

The photon/QCD background in the single-photon analysis is a composition of direct photon-175

jet production and of QCD multijet production, where one jet is misidentified as a photon. The176

shape of the MET distribution, including the non-Gaussian tails, is similar for both background177

contributions, as the event topology is very similar between the two. Therefore, these two178

QCD contributions are estimated together from the same data control sample. The control179

sample is selected by applying the same signal selection requirements, except that the photon180

candidate is required to fail the tight selection criteria but satisfy a loose isolation requirement.181

We refer to such photon candidates as γjet, whose identification is by definition orthogonal to182

8

Table 4: Resulting event yields for the γ + 3 jets + Emiss

T
selection for Emiss

T
> 200 GeV.

Sample Event yield

(stat.) (syst.)

Data 7

QCD (est. from data) 5.16 ±2.58 ±0.62

EWK e → γ (est. from data) 1.22 ±0.13 ±0.04

FSR/ISR (W → µ/τν, Z → νν) (Sim.) 0.80 ±0.31 ±0.80

FSR/ISR (tt → µ/τν + X) (Sim.) 0.07 ±0.05 ±0.07

Total SM background estimate 7.24 ±2.6 ±1.53

gravitino and a photon or a Z boson and a scenario where the neutralino is a pure wino. In this206

case the lightest chargino is also wino-like and the chargino-neutralino mass difference is too207

small for one to decay into the other. Therefore the chargino will decay directly into a gravitino208

and a W boson. In that case we expect much less photon production and the acceptance will209

drop for the single-photon selection.210

A possible contamination of signal in the background sample used for the background estima-211

tion has been studied and is considered in the limit calculation. The expected amount of SUSY212

GGM events in the background estimation has been subtracted from the number of observed213

signal events, lowering the acceptance times efficiency by a few percent for each point. The214

resulting limits, after subtraction of the signal contamination, are shown in Fig. 4. For the bino-215

like scenario the resulting upper limit cross section is of order 0.05 pb with a typical acceptance216

of ∼ 25%. For the wino like scenario the acceptance drops to ∼ 5%, leading to an upper limit217

cross section of ∼ 0.2 pb.218

In summary, we have searched for evidence of GGM SUSY production in diphoton and single-219

photon events using the Emiss

T
spectrum beyond 100 GeV and 200 GeV, respectively. This search220

is based on 2011 CMS data comprising 1.14 pb
−1

of pp collisions at
√

s = 7 TeV. We find no221

evidence of GGM SUSY production and set upper limits for a range of parameters in the GGM222

SUSY model. In the diphoton analysis we have defined exclusion regions in the GGM SUSY223

parameter space of squark, gluino and neutralino masses at the level of 0.015 to 0.03 pb for the224

respective SUSY production cross section. For the single-photon analysis the resulting 95% CL225

upper limit cross section for a similar scan in GGM SUSU parameter space is of order 0.05 pb
−1

226

(0.2 pb
−1

) for the bino- (wino-) like scenarios.227
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e+γ+METe+γ+MET

Sample MET > 100 GeV

Wγ (MC) 1.68 ± 0.42

jet→γ 0.02 ± 0.02

e→γ 0.04 ± 0.03

QCD (di-e pred.) 0.00 ± 0.00

Total background 1.74 ± 0.43

Data 1

GGM prediction 3.38 ± 0.68

μ+γ+METμ+γ+MET

Sample MET > 100 GeV

Wγ (MC) 1.40 ± 0.37

jet→γ 0.10 ± 0.09

e→γ 0.09 ± 0.04

QCD (di-e pred.) 0.00 ± 0.00

Total background 1.59 ± 0.39

Data 1

GGM prediction 4.41 ± 0.88

Errors: stat. ⊕ syst.(MET shape from 
reweighting) ⊕ syst.(normalization)

Double photon

Single photon

Photon + lepton
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NLO cross sections
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MET with(out) jet requirement
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Simulated GGM single photon event display

48

γ

j

MET

j

j

j



R. Yohay SUSY11 August 30, 2011

References
1. A. García-Bellido, arXiv:hep-ex/0210001v1 (2002).
2. B.C. Allanach et al., Eur. Phys. J. C25 (2002) 113.

3. V. Abazov et al., Phys. Rev. Lett. 105 (2010) 221802.

4. B. Brau, arXiv:1007.2244v2 [hep-ex] (2011).

5. CERN/LHCC 97-33 (1997).

6. G. Bozzi, F. Campanario, M. Rauch, D. Zeppenfeld, arXiv:1103.4613v1 [hep-ph] (2011).
7. http://lhcnewphysics.org/p.000.00.r000

8. M. Botje et al., arXiv:1101.0538v1 [hep-ph] (2011).

9. A. Read, J. Phys. G 28 (2002) 2693.

10. K. Nakamura et al., J. Phys. G 37 (2010) 075021.

11. C. Quigg, arXiv:0908.3660v2 [hep-ph] (2009).
12. CMS Collaboration, CERN-PH-EP/2010-053 (2010).

13. CMS-PAS-EGM-10-005 (2010).

14. CERN-CMS-DP-2010-014 (2010).

15. CMS Collaboration, CERN-PH-EP/2011-102 (2011).

16. D. Bourilkov, R.C. Group, M. R. Whalley, arXiv:hep-ph/0605240v2 (2006); http://www.hep.ucl.ac.uk/
pdf4lhc/PDF4LHCrecom.pdf (2010).

49

http://lhcnewphysics.org/p.000.00.r000
http://lhcnewphysics.org/p.000.00.r000
http://www.hep.ucl.ac.uk/pdf4lhc/PDF4LHCrecom.pdf
http://www.hep.ucl.ac.uk/pdf4lhc/PDF4LHCrecom.pdf
http://www.hep.ucl.ac.uk/pdf4lhc/PDF4LHCrecom.pdf
http://www.hep.ucl.ac.uk/pdf4lhc/PDF4LHCrecom.pdf

